Changes in body temperature were assessed in ten adult patients undergoing surgery involving cardiopulmonary bypass (CPB) and induced hypothermia. Intraoperatively, in comparable time intervals before CPB and after rewarming: the patients lost body heat. Between the time of induction of anaesthesia and CPB, the temperature of blood in the pulmonary artery fell 1.46 (SD 0.28°C); between CPB and the end of surgery the fall was 1.55 (SD 0.86°C). The extent of spontaneous hypothermia did not correlate with the amount of subcutaneous fat. Hypothermia was induced to obtain a stable deep body temperature of 27.2 (SD 1.3) QC, when mean skin temperature averaged 2°C higher. The CPB machine returned approximately 2000 kJ of heat in the rewarming period, to produce pulmonary artery and mean skin temperatures of 37.1 (SD 0.7)OC and 31.4 (SD 2.1)°C respectively. Intraoperative deep body temperatures demonstrated the expected exponential relationship with metabolic rate. Postoperatively, increase in metabolic rate was associated with rising deep body and skin temperatures. Low resistance to the flow of heat toward the skin surface was demonstrated by low postoperative values for thermal insulation, which may indicate good peripheral perfusion seen during continuing vasodilator therapy.
Body cooling is induced and monitored routinely in the performance of cardiac surgery, yet studies of thermal balance during cardiopulmonary bypass (CPB) are infrequent. 1 In a cold environment, the peripheral tissues normally show temperature gradients, with an outer shell acting to insulate the deep body structures of the core. When the skin was cooled, fat men conserved stored body heat better than thin men,2,3 although this was not confirmed in women. 4 Attempts have been Attempts have been made to modify intraoperative falls in deep body temperature observed following CPB,5,6 but in these studies seldom measure temperature at the periphery. Peripheral temperature monitoring has been found valuable both during and after openheart surgery. [7] [8] [9] Our studies examined deep body and mean skin temperatures in patients undergoing cardiac surgery involving CPB, and assessed the changes in their perioperative thermal patterns. METHODS The characteristics of the ten adult patients undergoing elective cardiac surgery, who consented to participate in the study, are shown in Table 1 . On the evening prior to surgery, Anaesthesia and Intensive Care, Vol. 13, No. 1, February, 1985 measurements of height and weight were taken to derive body surface area. Mean subcutaneous fat thickness and total adiposity were estimated following the method of AlIen and colleagues, ID using a skinfold caliper applied at ten specific locations. Patients were premedicated with morphine 10-12 mg, and scopolamine 0.4 mg, one hour preoperatively. On their arrival at the operating room they were further sedated with intravenous administration of diazepam, 5-10 mg, and fentanyl, 25-50 /Ag, for placement of catheters in the radial and pulmonary arteries. Throughout surgery, anaesthesia was maintained with isoflurane (0.5 to 20/0) in oxygen. Deep body temperature was defined as that in the pulmonary artery (T pa). Except when the pulmonary circulation was excluded during CPB when the nasopharyngeal temperature was used. Thermistors (Electromedics Inc.) were applied preoperatively to the skin of the anterior chest wall, the outer upper arm, the anterior thigh and the lateral calf. Calculation of the mean skin temperature (T sk ) used the method of Ramanathan, II which weights the two upper body skin temperatures by 0.3 and the leg temperatures by 0.2. This method gives an acceptable estimate for the supine ~urgical patient. 12 Mean body temperature (Tb) was calculated according to Burton 13 as:
Stored body heat (s) was derived from the multiplication of Tb, body weight and the mean body specific heat (3. 47 kJ x °C-I x kg-I). Temperatures were measured additionally in the nasopharynx, lower oesophagus, rectum, bladder and in the blood entering and leaving the CPB machine. Body temperatures were recorded every ten minutes, except during postoperative transfer from the operating room. Cardiac output was measured in triplicate by use of 10 ml iced saline aliquots and thermodilution; total blood flow during CPB was derived from the calibrated pump speed. Samples of arterial and mixed venous blood were drawn simultaneously to obtain haemoglobin concentration ([Hb]) and saturation (S02), and for oxygen tensions (P02)· Tensions were combined with the solubility constant (a) at the appropriate temperature in calculation of blood oxygen content:
Oxygen content = "POz + I.36 [Hb] x Soz/IOO ... (2) Based on the method of Evans and colleagues,14 estimates of metabolic heat production (M) were derived from a rearranged Fick equation for oxygen consumption, with the assumption that one litre is equivalent to 20 kJ of heat.
Most of the heat produced by metabolism flows along the temperature gradient between the deep tissues and the skin surface, allowing estimation of the resistance to this flow, the overall tissue insulation (It). Whole body It is the sum of the series insulations provided by fat, muscle, etc., and is computed by the equation: 15
M-R
With use of a condenser-humidifier and lowflow anaesthesia (21 p.m.), respiratory heat loss (R) was assumed to be 50/0 during anaesthesia, 16 and zero during CPB. The observations necessary for calculation of M were made for each patient (a) immediately prior to induction of anaesthesia, (b) at the completion of skin preparations for surgery, (c) before commencement of CPB, (d) before rewarming with CPB, (e) at the completion of surgery, (f) and (g) approximately 30 and 90 min later, in the Intensive Care Unit (ICU).
Thermal exchange between the patient and the CPB machine was assessed by the application of the Fick equation suggested by Davis and colleagues. I The amount of heat gained by the body from the pump in a time (t) is related to the arterio-venous temperature difference (Ta-v), the blood flow (Cn, the specific heat of the perfusate (c) and its density (d). During a changing state this becomes: t Pump heat=cxd J Ta.vxQXdt .... (4) o For normal whole blood, c = 3.64 J x QC -I X g -I, and d = 1.06 g x ml-I. The diluting crystalloids were taken as water (c =4.186 kJ x QC-I x g-I), with the extent of dilution derived from the change in [Hbl.
Descriptive statistics are expressed as mean and standard deviation. Comparisons of mean values of temperatures or thermal insulation were made using analysis of variance for repeated measures, followed by a Bonferroni t-test. To allow for multiple applications of this test, significance was accepted at p < 0.01.
Least squares regression analysis was used to explore relationships between mean fat thickness and temperature falls or heat losses occurring during anaesthesia not involving CPB, and between temperature and metabolic rate during surgery.
RESULTS
The temperature profiles of a typical patient are shown in Figure 1 iodine solution before the incision was associated with reduced skin temperatures ( Figure 2) . These rose to about preoperative values during the 68 (SD 6) min before CPB ( Table 2 ). In the interval between induction and CPB, T pa fell by 1.46 (SD 0.28) QC.
TABLE2
Descriptive statistics for cardiopulmonary bypass Initial temperature reductions with CPB occurred with the admixture of the pump volume and the patient's circulation, followed by the effects of cold fluids administered via the coronary vessels or into the pericardium. Active cooling with the heat exchanger on the pump was usually reflected by a precipitous drop in oesophageal temperature. Similarly, lower oesophageal readings at commencement of active rewarming were often the highest recorded. While mean skin temperatures fell during CPB, in the period before rewarming they were never lower than central temperatures ( Table 2 ).
In the hour following CPB, all deep temperatues fell in a pattern resembling that of the first hour of anaesthesia (Table 3) , with a decrease in T pa of 1.55 (SD 0.86) QC. Regression analysis between mean fat thicknesses and either these spontaneous temperature falls or losses of stored body heat gave either correlation coefficients or slope values which approached zero.
The values for thermal insulation showed a marked rise with the preparations for surgery. They rose significantly above control again after CPB, then fell postoperatively (Figure 2 ). The postoperative fall in It was significant with recovery from anaesthesia, but not when compared with the preoperative value. The logarithm of intraoperative metabolic rates showed the expected proportionality to deep body temperature (Figure 3) , a relationship which did not appear to alter after CPB. Post operatively metabolic rate rose, as did the central and peripheral temperatures ( Table 3) .
Although shivering was observed postoperatively in half the group, this was not associated with arterial hypoxaemia. During and after surgery all pa tien ts required vasodilator therapy with sodium nitroprusside for the control of arterial blood pressure.
DISCUSSION
Hypothermia developing prior to CPB is unimportant clinically, as temperatures are soon to be lowered deliberately. Hypothermia following CPB has postoperative implications, for thermoregulatory function returns with recovery from anaesthesia, and the cold patient responds by increasing heat production (see Table 3 ). Roe and associates I? have observed similar postoperative increases in oxygen consumption, with rises averaging 68 0J0 above the resting preoperative control. These increases were associated with reduction in mixed venous oxygen content, which, in the presence of shunting, can produce arterial hypoxaemia. '8 ,'9 In the operating room thermal patterns after CPB closely resembled those before CPB ( Table 3 ). The equivalent patterns imply that the intervention of CPB did not affect thermoregulation further, noting also that the highest intra operative metabolic rates were found immediately after CPB. The exponential relationship between deep body temperature and metabolic rate was again confirmed in these studies (Figure 3 ). In the periods which followed either induction of anaesthesia or CPB, depression of metabolism during anaesthesia combined with vasodilation in a cool environment, and resulted in heat loss during the subsequent hour.
Impairment of intraoperative thermoregulation may also explain in part why our study could not demonstrate a general relationship between heat loss and the amount of subcutaneous fat, a relationship well known in the reaction to cold of unanaesthetised man. 3 ,20,21 Hypothermia to 27°C induced during CPB was corrected by warming the perfusate to return approximately 2000 kJ to the patient (Table 2) , a value similar to the increase in stored body heat estimated with rewarming. In studying thermal balance during CPB with moderate hypothermia in man, Davis and colleagues 1 calculated that their patients lost an average of 1000 kJ of heat by the end of hypothemia, of which two-thirds was returned by the pump. Reasons for the seemingly smaller requirement of their patients for exogenous heat during rewarming include their reduction of nasopharyngeal temperature to only 30 ° or 32°C.
Several groups have reported their assessment of peripheral circulation after openheart surgery when comparing a deep body temperature with that of the skin on the plantar surface of the great toe. 8 ,22,23 As an alternative, calculation of thermal insulation (equation 3) includes not only the temperature gradient between the 'core' and the surface as a whole, but also the amount of heat leaving the body via the skin. Thermal insulation is probably misnamed, as most of the heat is transferred by blood flowing through the 'insulating' tissues. In our seemingly well-perfused patients, all of whom were receiving vasodilator therapy, thermal insulation was lowest in the hypermetabolic postoperative period, when they were not significantly different from the presumably normal values before induction of anaesthesia. The usefulness of tissue insulation as an index of peripheral perfusion awaits further evaluation.
